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.ABSTRAar 
Joule-Thomson effects of gases have traditionally been measured by 
the use of·a porous plug as an expansion device, but in this investigation 
a valve was used as the throttling device. The valve is part of a 
closed cyclic-flow system •. 
Air at a given temperature and pressure was throttled to a lower 
pressure in an adiabatic, non-shaft work, flow process. The upstream gas · 
temperatures were 22;32° and 13.92° c.,· the upstream pressures ranged 
from about 1594 to about 2569 psig, and the downstream pressures ranged 
from 2200 to 400 psig. Heise Bourdon-tube gauges were used to measure 
the upstream and downstream pressures, and 24-gauge copper-constantan 
thermocouples measured the temperatures. An isenthalpic temperature-
pressure diagram was established from the measured Joule-Thomson effects. 
When air was throttled from an upstream condition of 2569 psig and 
22.32° C. to downstream pressures ranging from 2200 to 1200 psig, the 
measured downstream temperatures agreed with literature values. Some 
error, however, resulted when the gas was throttled to downstream pres-
sures of 800 and 400 psig. When air, at the relatively low flow rate 
of 2.4 standard cu. ft./min., was throttled to _400 psig, a 5.4-percent 
error between the measured [(upstream temperature) - (downstream tem-
perature)] and the literature value of T1 - T2 resulted. The measured 
T2 was too high because heat leak to _the downstream thermocouple 
junction was significant at the lower downstream temperature. The error 
was reduced to 1 perce;t at a flow rate of 7.3 standard cu. ft./min. 
The apparatus was only tested over the temperature range of 22.32° 
to -2° C. and over the pressure range of 2569 to 400 psig. Ultimately, 
however, the equipment will be used for the determination of Joule-
Thomson effects of various gas mixtures at pressures ranging f~om 3000 
psig to atmospheric and at temperatures ranging from -200° to 25_0 c. 
l 
·---------------·--· 
... ''-, 
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.. ' ~ ,-- .· \' ·-' ·.,_ . 
INTRODUc:rION 
Real gases exhibit either a finite rise or drop in temperature when 
adiabatically expanded from a constant temperature and pressure to a 
give~ lower pressure. This temperature change is ~own as the integral 
Joule-Thomson effect. This finite effect should be distinguished from 
the Joule-Thomson coefficient; which is an infinitesimal effect. This 
coefficient, which is a function of temperature and pressure for a 
constant-composit:i,on gas, is defined as(~!) and is·therefore the 
. . H 
slope of the isenthalpic temperature-pressure curve at ~he specified 
temperature and pressure. Joule-Thomson coefficients cannot be obtained 
as accurately as Joule-Thomson effects since obtaining the coefficients 
involves differentiation of the data. Determination of both coefficients 
and effects involves the measurement of the same quantities, and in both 
cases· a series ·or isenthalpic temperature-pressure curves are 
established. 
The apparatus employed in the measurement of Joule-Thomson effects 
consists basically of a throttling valve immersed in insulation. The 
valve is contained in a closed cyclic-flow system. 'Bourdon-tube gauges 
are used to measure pressures, and copper-constantan thermocouples are 
used to measure the temperatures. The use of a throttling valve and 
thermocouples may introduce various types of errors into the measure-
ments. The valve must therefore be carefully designed and constructed, 
and the thermocouples must be properly installed in the upstream and 
downstream sides of the valve. 
The project was mainly concerned with the design, construction, 
and testing of the equipment. Ultimately, the apparatus will be used 
for the determination of the Joule-Thomson effects of gas mixtures, and. 
these data will be u~ed in constructing tempera~ure-enthalpy and 
pressure-enthalpy diagrams. 
- 2 -
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THERMODYNAMIC BACKGROUND 
The Joule-Thomson coefficient µ, which is equal to 
may also be evaluated from P-v-T data and a knowledge of the specific 
heat of the gas in the ideal state. The cp is evaluated at the de-
sired temperature and pressure by equation (1): 
In o~er to evaluate 
diffe~ntiated twipe, 
µ from P~v-T measurements, the data must be 
and therefore the coefficient obtained in this 
(1) 
manner is less accurate than a-value obtained by a single differentia-
tion of an isenthalpic temperature-pressure curve. 
A temperature-pressure diagram over a wide range of temperature 
and pressure for a gas such as nitrogen is shown in Figure 1. 
Pressure, atm. 
I 
Figure 1. - Temperature-pressure 
diagram for nitrogen. 
The dotted curve is the locus of the maxima of the isenthalps and is 
commonly known.as the inversion curve. A gas whose conditions are 
represented by a point to the.right of.the inversion curve heats upon 
expansion, whereas a gas which is represented by a point to the left 
of the inversion curve cools upon e)£Pansion. The Joule-Thomson 
\ 
coefficient of a gas whos~ temperature and pressure are on the 
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inversion curve is·zero since the tangent to the isenthalp~c curve at 
such a point is horizontal. It is interesting to note that the Joule-
Thomson coefficient of an ideal gas is zero, but a gas whose µ is 
zero is not necessarily ideal. A gas whose state is represented by 
a point on the inversion curve has a zero Joule-Thomson coefficient, 
but such a. gas is not necessarily ideal, 
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M!rHOD OF ESTABLISHillG ISENTHALPIC CURVES 
' ' Gas at a set temperature and pressure is adiabatically expanded to 
. ' 
a lower pressure in a flow system. 'The gas does no shaft work. The 
downstream temperature and pressure are measured, and this downstream 
point together with the upstream temperature and pressure establishes 
two points on an isenthalp. The gas is then throttled from the same up-
stream conditions to a lower down.stream pressure than in the previous 
run, and the new downstream temperature and pressure constitute the 
third point on the isenthalp. The process is repeated, keeping the up-
stream conditions the same for all runs until several more points along 
the isenthalp are obtained. 
A second isenthalp is established in the same manner as was the 
previous one. In obtaining this second isenthalpic curve, either the 
upstream temperature or pressure, or both, must be different from the 
upstream conditions employed in obtaining the first isenthalp. 
- 5 -
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HISTORICAL.OUTLINE 
Since 1862 Joule-Thomson effects have been measured by .the use 
of one of the following as a throttling device: (1) a porous plug;. 
(2) a valve immersed in insulation; or (3) a valve whose upstream and 
downstream sides were maintained.at the same temperature. Johnston 
I 
and Whitel have reviewed the work don~ between 1920 and 1948, and 
Hcixton 2 has reviewed the work done pr1or to 1920. 
Joule and Thomson, -in- the years 1852 to 1862, initially used a 
valve immersed in insulation, but they were unable to obtain repro-
ducible results. They later had·some success with an axial-flow3 
·porous plug, but their data wer~ limited in range. About 10 years 
after Joule and Thomson finished their work, Regnault designed a 
radial-flow porous plug which was superior to their plug in that heat 
leak between the high- and the low-pressure sides was almost com-
pletely eliminated. Regnault, however, soon abandoned his research 
because the temperature measurements in the hollow enclosure of the 
plug were too uncertain. 4 His work, therefore, went unnoticed for 
a period of about 30 years. After 1920, however, the radial plug 
was generally employed in the measurement of Joule-Thomson effects. 
Early investigators who used a valve often enco1,l!ltered diffi-
culty. In 1907, however, Olszewski used such a device in determin-
ing i~version points for hydrogen, nitrogen, and air,5 The Bradley 
and Hale6 experiments indicated some of the problems involved. They 
~hewed that the downstream temperature reading was too low if it was 
taken too close to the nozzle. Another source of error, which ex-
. -
ists when a valve is used, is heat leak from the upstream side of 
- 6 -
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the va.lve to the downstream gas. Dalton?, working with a brass 
valve, obtained downstream temperatures ~hich were too high because 
of this heat leak. He reduced the error by working with larger 
openings of the valve and at higher flow rates. He completely 
eliminated the error by using a glass valve with a wooden stem and 
by operating at flow rates greater than 11 liters/min. His data are 
limited in range since his valve could not withstand pressures 
greater than 70 atm. Recently, Johnston8 used a thin-walled monel 
valve which gave correct results over a range of pressures of 17 to 
200 atm., temperatures of 64° to 300° K., and flow limits of 55 to 
1700 liters/min • 
Joule-Thomson measurements obtained after 1920 were more ac-
curate and wider in scope than those which were obtained prior to 
this date. The most extensive and probably the most accurate data 
were taken at the University of Wisconsin by J. R. Roebuck, He used 
a radial-flow porous plug and obtained data, primarily, on pure in-
organic gases in the pressure range of 1 to 200 atm. and in the tem-
perature range of -190° to 300° C. Some of the gases Roebuck investi-
gat~d are air9, 10, carbon dioxide11, helium12, argon13, and nitro-
gen14. He also obtained data on mixtures of helium and nitrogen15, 
helium and argonl6, and helium and airl7, 
Joule-Thomson effects for organic gases have also been measured. 
A group at the University of Michigan, headed by G. G. Brown, has ob-
tai~ed data for pentane and naphtha18, Dowtherm A19, and benzene20. 
They used a valve embedded in a block of magnesia. -Pressure ranges 
were from 1 to 70 atm. -for benzene,. pentane and naphtha, and fro:qi 
- 7 
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1 to 30 atm. forl)owtherm A. Temperatures were to about 100° C. for 
naphtha and pentane, to 380° C. for benzene, and to 500° C. for Dow-
therm A. Brown did not establish a series of isenthalpic temperature-
pressure curves for the gases he investigated since the gas was al-
most always throttled to 1 atm. Another group at the California 
Institute of Technology has obtained data on propane21, normal 
butane22, normal pentane23, methane24, ethane25, and on mixtures of 
methane and ethane26 , methane and ~-butane27, and methane and pro-
pane 28, ~ radial-flow porous plug was used. The group was headed by 
Sage and Lacey, and their data were ta.ken over the temperatur~ range 
of 20° to 104° c., except for the Jast two mixtures for which data 
were to 150° C. Pressures went to 37 atm. for propane, 15 atm. for 
g_-butane, 6 atm. for ~-pentane, 100 atm, for methane, 40 atm. for 
ethane, and 100 atm. for the three mixtures-with -methane. 
Data obtained by the isothermal throttling method are scarce, 
This method was first utilized by Buckingham29 in 1910 but was de-
veloped as an instrument for precision work by Keyes and Collins30, 
and independently by Eucken, Clusiusf and Berger31 in 1932. In 1953, 
Charnley, Isles, and Townlei32, at the University of Manchester in 
England, obtained Joule-Thomson coefficients for nitrogen, ethylene,. 
carbon dioxide, and nitrous oxide, using an isothermal throttling 
device. The temperature range of their data is o0 to 45° C. , and 
their pressure range is only Oto 45 atm • 
. Aside from the work of Charnley, Isles, and Townley and the very 
recent work of Ishkin and Kaganer33, almost no new experimental work 
has been done in the field during the last 10 years. Ishkin and 
- 8 -
Kaganer used an apparatus similar to Roebuck's but with many im-
provements. They worked with air and nitrogen, but their investi-
gation marks the first time that vapor zones for these gases were 
investigated in detail at temperatures below critical. 
Most of the work done in the field during the past decade has 
involved the calculation: of Joule-Thomson coefficients from ex-
isting P-v-T data and from proposed equations of state. In addi-
I 
tion, the relationships between these coefficients and the inter-
molecular forces of gases have been studied. 
- 9 -
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APPARATUS 
The apparatus is a closed cyclic-flow system. Its essential 
feature is the Joule-Thomson throttling valve, which is immersed in 
insulation, 
The gas is fed to the system until a sufficiently high pressure 
is attained, The inlet valve is then shut, and the gas is pumped 
around the closed cyclic system by a Worthington three-stage com-
pressor. From the compressor, the high-pressure gas flows through 
a silica gel drier and then through 40 ft. of a paired copper-tubing 
heat exchanger, where it exchanges heat with the cold low-pressure 
...., 
gas flowing from the throttling valve. Before entering the 40-ft. 
exchanger, a portion of the high-pressqre gas is spilled back to the 
compressor intake by means of a bypass valve, From the exchanger 
the high-pressure gas flows through 30 ft. of an 1/8-in, copper coil, 
immersed in the liquid bath, and then into the Joule-Thomson throt-
tling valve. The low-pressure gas flowing from the paired copper-
tubing exchanger is throttled to about atmospheric pressure by a com-
bination of one coarse and two fine needle valves. The gas then flows 
through the rotameter and then back to the compressor intake. (See 
Figure 2 for a diagram of the apparatus.) All the flow lines, with. 
the exception of the coil immersed in the liquid bath, are 1/ 4-in. 
;~, :, ·= '· 
copper tubing. 
The Joule-Thomson Valve 
The design of the valve used in this investigation is similar 
to Johnston's34 valve design. The outstanding difference is the ex-
tremely thin monel of Johnston's turbulator barrel.as compared with 
the thicker wall and Lucite insert employed by the author. 
- 10 -
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The valve consists of a 3~in.-long monel body, which is screwed 
into a· 3-in. -long turbulator barrel. Inserted in the bottom part of. 
the valve body is.a monel ring which holds the Lucite seat. The monel 
ring is held tightly by the valve body. Monel was used as the valve 
material because it is a relatively nonconductive metal. The walls of 
the valve body and the.turbulator are made thin in order that con-
duction along the valve be minimized. The valve can withstand pres- .· 
sures up to 3000 psia~ 
The valve stem, which is completely surrounded by insulation, 
is cut off several inches ab6ve the packing gland. A screw driver is 
used to turn the stem. 
A packing gland, which is fitted with a 1/4-in.-long externally 
threaded Teflon ring, prevents gas leakage from the high-pressure 
side. Teflon was selected as the packing material because of the low 
temperatures involved in this investigation. 
The pressure leads are 1/8-in.-diameter copper tubing; whereas 
the gas inlet, gas outlet, and the thermocouple connections are 1/ 4- · 
in.-diameter, 0.049-in.-wall copper tubing. All connections to the 
monel body and the turbulator barrel are silver-soldered. The inlet 
line and the upstream pressure and thermocouple connections are 
soldered to the valve body on the same periphery. Figures 9 and 11 
do not show that these connections are arranged in this manner. 
- 12 -
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Thermocouple tap ( T1 )--
Valve body 
Packing gland 
Gland and valve body 
silver-soldered 
---Pressure tap (P1 ) (inlet line not shown) 
Lucite extension 
of stem 
Monel ring 
Teflon 0-ring 
---Thermocouple tap (T2) 
Figure 3. - The Joule-Thomson valve. 
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Figure 5. - Valve components (continued). 
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Insulation of the Valve 
Conduction from the room to the valve is minimized by placing the 
valve in a pearlite-filled Dewar. The Dewar is .immersed in a Masonite 
box, which is filled with rock wool insulation. When the thickness of 
the insulation surrounding the valve is of sufficient width, the conduc-
tion from the ambient to the valve is negligible during both the tran-
sient and steady-state periods. As. soon as the valve is cooled, heat 
is conducted to the valve from the insulation because the rock wool is 
initially at room temperature. Heat leak from-the insulation is negli-
gible once steady state has been attained. 
The unsteady-state process is depicted in Figure 6. For conveni-
ence the insulation is divided into numbered strips. The layer adjacent 
to the valve assumes the valve temperature immediately. Heat is there-
fore conducted away from layer 2, and, consequently, this strip loses 
some of its heat content. Its temperature, therefore, falls to a value 
just slightly above the temperature of strip 1. The unsteady-state pro-
cess continues until the temperature gradient extends to the Mason~te 
wall. For simplicity, the gradient is-shown as a straight line. 
0 
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0 0 
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Figure 6. - Temperature Gradient in Insulation. 
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At .steady state the heat transferred to the valve must come from the room 
since, if any heat were transferred from the insulation, the temperature 
gradient would not remain constant with time. The insulation, however, 
between the Masonite wall and the valve is sufficiently thick to _prevent 
significant heat leak from the ambient. 
The Dewar which contains the Joule-Thomson valve is a flanged vacuum.-
jacketed container, which is 6 in. in diameter and 12 in. long. 
The Liquid Bath 
The bath container is a stainless-steel Dewar, which is fitted with 
a Masonite cover. The 18-in.-long, 6-in.-diameter bath container is 
located in a Masonite box filled with rock wool insulation. The liquid 
bath, which is recormnended by The National Bureau of Standaxds35, is 
a nonflammable eutectic mixture of chloroform and carbon tetrachloride. 
This mixture freezes at -81° C., and for operation below this temperature \ 
a nonflammable mixture of 18.1 percent CHCl3, 8 percent CzH5Cl, 41.3 per-
cent CzH5Br, 12.7 percent trans-C2H2Cl2, and 19.9 percent c2HC13
36
, would 
be used. 
The bath is cooled by liquid nitrogen which vaporizes in a "cold 
finger", with the vapor being vented to the atmosphere. A Crane valve 
is used to regulate the rate of liquid nit~ogen floW>ing from the 15-
liter supply.Dewar. The pressure of the nitrogen vapor in the supply 
Dewar forces the liquid to flow U:)? into the II cold finger", The tempera-
ture of the bath liquid is maintained constant by the use of a 200-watt 
irmnersion heater controlled by a mercury-manometer switch. A stirrer is 
used to keep the bath temperature uniform. 
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Figure 7. - Constant-temperature bath. 
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The Heater Control System 
The heater control circuit is shown in Figure 8. The circuit diagram 
for the thyratron relay was obtained from Koeckert37 . Tl!:te relay can be 
made either direct-acting or reverse-acting, but in this application it. 
is used as a reverse-acting element. The heater is off when the platinum 
wire and mercury are in contact, and it is on when the platinum no longer 
contacts the mercury. The Variac, which has a scale running from Oto 
130, is used to vary the heating rate. 
The sensing element is a 3/8-in.-diameter copper coil, which is 4 
ft. in length. It is immersed in the bath and is connected by 1/8-in.-
diameter copper tubing to a mercury-manometer switch. When the bath tem-
perature rises above the desired value, the air in the coil expands and 
forces mercury to rise and make contact with the platinum wire, thus 
shutting off the heater. When the bath temperature drops too low, the 
contact between the mercury and platinum is broken and the heater goes 
on. 
The arrangement for adjusting the height of the platinum contact is 
shown in Figure 9. The mercury-manometer switch was designed to control 
the bath temperature to only 0.1° C., and, since control to two or three 
thousandths of a degree is required, a new switch is presently being 
constructed. 
"(j<· 
Pressure Measurement~ 
The upstream and downstream valve pressures are measured with Heise 
Bourdon-tube gauges, each 16 in. in diameter. The scale on each gauge 
has 1500 divisions and runs from Oto 3000 psi. A pressure reading to 
the nearest pound per square inch can, therefore, be obtained by reauing 
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Figure 8. - Schematic diagram of' heater control circuit. 
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Figure 9, - Arrangement for adjusting height of platinum contact; 
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this scale to the nearest half of a division. The manufacturer claims an 
accuracy of one part in a thousand, thereby limiting the ~ccuracy to 3 , 
psi. The gauges were calibrated by the company, and the results indicate· 
that no correction is to be applied to the gauge reading. 
The scales are adjustable so that an initial setting of 14. 7 psi . 
permits the absolute pressure "to be read dlrectly. This procedure was 
not followed since it was more convenient to set the scale to zero and, 
therefore, read psig. 
Each gauge is temperature-compensated from o0 to 100° F. and is also 
provided with an external bleeder valve, which may be operated with a 
standard Allen wrench. The bleeder valve, which is connected to the end 
of the Bourdon tube, permits evacuation of gas from the gauge in a matter 
of minutes. The upstream. and downstream. pressure leads, which extend 
from the valve to the gauge, are innnersed in the liquid bath. 
There are two other pressure gauges in the apparatus. One has a O-
to 100-psi scale and reads the pressure of the gas just before it flows· 
through the rota.meter, while the other, with a scale from Oto 5000 psi, 
reads the pressure of the gas leaving the. drier. 
Pressure Control 
During the run, the Joule-Thomson valve is partly shut in order to 
create a pressure difference between the upstream. and the downstream. 
sides. Final adjustment of the upstream. pressure is accomplished by 
' 
' 
manual manipulation of the bypass valve. The, arrangement for the control 
of the downstream pressure consists of a fine needle valve which is up-
stream with respect to and in series with a parallel combination of ano-
ther fine needle valve and a coarse 6000 psi valve. This combination 
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also serves to throttle the low-pressure gas flowing from the Joule-
Thomson valve ·to about atmospheric pressure. .Tb.is low-pressure gas mf!J.Y 
be at pressures as high as 2500 psia. 
Flow Measurement 
The flow, in standard cubic feet per minute, is-computed from the 
rotameter reading and the rotameter pressure. The Fisher and Porter 
rotam.eter, which has'a scale running from Oto 25 and uses a 29~gram. 
steel float, is cormected to the system by thick-walled rubber tubing. 
Since an exact flow measurement is not required, the rotameter was cali-
bra:ted by comparing it with a much smaller rotameter. Tb.is smaller ro-
tam.eter had been employed in preu.iminary runs. The entire range of ~he 
smaller rotam.eter was about one-tenth of the range ct the larger rotam-
eter, and the calibration curve over the entire range for this larger 
flow:.Omeasuring device was obtained by an extension of the straight line 
through the four calibration points. (See Figure 13 for calibration 
curve.) This extension is not valid, but in all probability it does not 
introduce a very significant error since calibration curves for rotam.-
eters are approximately linear. The F:i,.sher and Porter handbook indicates· 
a capacity of about 7 .5 standard cu. ft./min. for the particular rotam.-
eter tube and float employed. This is the appi:oximate value obtained by 
the extension of the calibration curve. The smaller rotameter had been 
previously calibrated by comparing it with a wet test meter. 
Flow Control 
The desired gas rate for a specified pressure drop from a given up-
stream. pressure was obtained by manipulation of the Joule-Thomson valve 
and valves 14, 181 191 and 20. (See Figure 2 for valve designations). A 
given 6P from a specified upstream pressure could be maintained the same 
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at different flow rates. This is accomplished by means of a different 
setting of the Joule-Thomson valve and slightly different settings of 
valves 141 181 191 and 20. 
The Compressor 
The Worthington three-stage compressor is capable of delivering 12.5 
standard cu. ft./min. at 3000 psia. The first stage is air-cooled, 
,m.ereas the second and third stages are w.ater-cooled. 
Safety Valves 
Two high-pressure valves, one of which relieves at 600 psia a.~d one 
. of which relieves at 3000 psia, are located on the compressor. The 600-
psia valve is located after the second stage and the 3000-psia valve 
after the third stage .• 
A low-pressure safety valve, which is located before the rota.meter, 
is set to relieve at a pressure as low as 75 psig because it is doubtful 
whether the rubber-tubing,connections on the rota.meter can withstand 
greater pressures. The rota.meter itself, however, ca.~ operate at pres-
sures up to 300 psia. 
Heat Ex.cha.~gers. 
The paired copper-tubing heat exchanger is coiled around the out-
side of the Dewar which contains the constant-temperature liquid bath. 
rhe 1/4-in.-dia.meter lines of this excha.~ger are soft soldered to each 
other along the 40 ft. length of the exchanger. 
The 30 ft. of the 1/8-in. copper tubing exchanger are coiled on the 
inside of the liquid-bath Dewar. During the run the coil is entirely 
immersed in liquid. 
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Temperature Measurement 
The thermocouple circuit is shown'in Figure 10. The copper bar on 
the ceramic base and the rotary switch are both contained in a metal box, 
which is mounted on the back of ·the relay~rack panel. A K-3 Leeds and 
Northrup potentiometer is used to measure the output millivoltages of the 
thermocouples. . The potentiometer can be read to the nearest quarter of a 
microvolt, and, therefore, the temperature can be determined to a preci-
sion of 0.01° C. 
Conax pressure glands with copper-tubing extensions contain the up-
stream and 4ownstream thermocouple wires. Each copper extension is at-
tached by a brass valve to a short length of copper tubing. This short 
length is silver-soldered directly to the monel valve. 
Long lengths of these copper-constantan thermocouple wires, which 
ar:e 24 gauge, are immersed in the bath in order to m:inimize conduction 
along the wires to the thermocouple junctions. The upstream thermocouple 
reading T1 .is obtained with the rotary switch L~ position l; 
the down-
stream thermocouple reading T2 with the switch in position 2. Their 
difference is read with the switch in~position 4, Position 3 is for the 
the!'!Ilocouple :i.nh~ersed in the bath. 
Calibration of ·Toermocouples 
The valve upstrea'Il and downstream thermocouples we:r-e both calibrated 
by comparing each·with a resista.~ce thermometer ove~ the temperature 
range of o0 to -75° C. The resistance reading of the four-lead platinum 
thermometer was converted to temperature by the use of the modified 
Callendar formula and the constants given in the Bureau of S:;c.ndards 
calibration certificate. A millivolt-versus-temperature38 table was used 
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Figure 10. - Thermocouple circuit. 
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to obtain the emf corresponding to the temperature measured by the resist-
ance thermometer. The calibration ·curve for each thermocouple is a plot 
of the measured emf output of that thermocouple ID:-inus the emf obta·ined 
from the millivolt-versus-temperature table against the measured emf. 
The experimentally derived calibration curve was extrapolated to room 
temperatures. The thermocouple which reads the bath temperature was not 
calibrated since this temperature does not have to be known accurately. 
At each temperature employed in the calibration the thermocouple 
difference readings were also noted, but these were negligible. A cali-
bration curve for these differences was not established. 
Calibration Apparatus 
The apparatus employed in the calibration of the thermocouples con-
sisted basically of the constant-temperature bath described on page 17. 
A K-3 Leeds and Northrup potentiometer, with the associated Land N gal-
vanometer2 a standard cell, and a storage battery were all employed in 
the measurement of the thermal emf. A Mueller temperature bridge with 
the associated temperature control unit2 a Rubicon galvanometer, and two 
dry cells were used for the measurement of the platinum. thermometer 
resistance. 
The upstream and downstream thermocouple wires, which are contained 
in Conax pressure glands, were fastened with iron wire to the 3/8-in. 
copper coil which is immersed in the bath. Glass caps were placed over 
the thermocouple tips, and these caps were connected with polyethylene 
tubing to the copper-tubing extensions of the gland. This arrangement 
was not lea.kproof, and, when the thermocouples are recalibrated, neoprene 
tubing, instead of polyethylene, will be used •. 
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Calibration Procedure 
The c'arbon tetrachloride - chloroform. mixture was poured into the 
Dewar through a funnel inserted in the Masonite cover. The bath was then 
cooled until the desired temperature was reached. The liquid nitrogen 
and heat input rates were then balanced to maintain a constant bath tem-
perature. Low input rates were employed so that an imbalance did not 
cause the bath temper.ature to drift too rapidly. 
With the bath at the desired temperature and with the cooling and 
heating rates balanced, the two sidearm stopcocks were opened to estab-
lish atmospheric pressure on both sides of the manometer. The platinum 
wire was then set as closely as possible to the mercury level so that the 
temperature could be maintained within the desired limits. During the 
run, the left stopcock was closed, whereas the one on the right was open. 
The thermoregulator controlled the temperature to only 0.1° C. The bath 
temperature was therefore controlled within the desired limits by the 
manual adjustments of the heating and cooling rates. 
At each selected calibration temperature the two thermocouple and 
the resistance thermometer readings were recorded. The resistance read-
ings were taken with the commutator in the reverse and the normal posi-
tion, and the two values were averaged to obtain the true resistance. 
The potentiometer was standardized before the thermocouple readings were 
ta.ken. The upstream thermocouple. reading T1 was obtained with the 
rotary switch in position l; the downstream thermocouple reading T2 was 
obtained with the switch in position 2; and their difference was read 
with the switch in position. 4. Position 3 is for the thermocouple im-
mersed in the bath. This thermocouple was not calibrated. 
At the end of the calibration, the carbon tetrachloride - chloroform 
mixture was siphoned from the Dewar. 
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PROCEDURE 
Before the run was started, the bath liquid was poured into the 
Dewar through a funnel inserted in the Masonite cover. The liquid in 
the bath was then cooled to a temperature close to the selected inlet 
valve temperature. The compressor cooling water was then turned on. 
Valves 6, 8, 10, 13, 18, 19, and 20 were shut, and valves 1, 4, 5, 9, 
12, 15, 16, 17, 14, 21, 22, and the Joule-Thomson valve were opened. 
(See Figure 2 for valve designations.) After starting the compressor, 
a few minutes were allowed before the oil and water traps were shut. 
The lubricating oil could, therefore, circulate before the system was 
pressurized. After the traps were shut, valves 1 and 5 were closed and 
valve 14 was partially shut. The system then started to pressurize. The 
pressure in the system was gradually increased by slowly shutting valve 
14. After a sufficiently high pressure had been obtained, valves 18, 
19, and 20 were partly opened so that the gas could start flowing through-
out the system. The Joule-Thomson valve was then partially shut i.n order 
to create a pressure difference across the valve. The upstream pres-
sure was adjusted to the desired value by manipulation of valve 14, and 
the downstream pressure was set at the selected value by the manipula-
tion of valves 18, 19, and 20. Valve 18 was used for the coarse adjust-
ment of the downstream pressure, valve 19 for finer adjustment of P2, 
and valve 20 for extra fine adjustment of this pressure. Valve 20 was 
not usually used. 
The initial valve setting was usually sufficient to maintain the 
pressure constant to within ±4 psi for at least a half hour. When a 
pressure drift beyond these-limits-was de~ected, the valves were manu-
.ally reset and the original pressures were restored. 
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The gas flow rate remained constant one~ good pressure control was 
established; Therefore, a constant upstream valve temperature was estab-· 
lished by maintaining the temperature of the liquid bath constant. 
The bath temperature was set'by trial and error to a value such 
that tne inlet gas to the valve was at the desired temperature, The 
bath temperat}.ll'e was maintained constant by finding the approximate 
balance point between the coolant rate, the heating rate, and the rate 
~ . 
of heat transferred to the gas flowing through the immersed coil,. A 
. . 
Fenwal switch, instead of the mercury-manometer switch, was used as the 
controlling element since the runs were performed at upstream tempera-
tures of 22.32° ~d 13.92° C. When the inlet gas temperature was at 
the selected value and the net heat input to.the bath was approximately 
zero, the Fenwal switch was set at the desired temperature. The switch 
could control the bath temperature to only Oel° C., and, therefore, con-
trol to several thousandths of a degree was obtained by manually varying 
the heating rate. During these room-temperature runs water was used as 
the bath liquid. 
The µpstream temperature and pressure, the downstream temperature 
and pressure, and the temperature difference across the valve were 
recorded about every half minute. The system·usually reached equilib-
rium from 5 min, to a half hour after the inlet temperature B.Iid the 
upstr~am and downstream pressures were set. The readings were recorded 
for 10 min. after equilibrium had been attained. The rotameter reading 
and the rota.meter pressure were also recorded, but at less frequent 
intervals. A point on the isenthalp was thus established. The traps 
were then opened in order to disch~rge the oil and water which had 
collected during the run. 
\. 
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A pressure drop from a given P1 to a specified P2 at different 
flow rates was obtained by means of a different Joule-Thomson valve 
. setting for each rate. Valves 18, 19, 20, and 14 were then readjusted 
in order to obtain the original designated press.ure drop. The down-
stream pressure was then set to a lower value than was employed in the 
preceding run, but the upstream. conditions of the gas were maintained 
the same. In this manner another point on the isenthalp was estab-
· 1ished~ After a sufficient number of points on the isenthalp had been 
established, the apparatus was shut down. The Joule-Thomson valve was 
opened until there was no pressure drop across the valve.· Valves 18, 
19, 20, and 14 were then slowly opened, and the pressure in the system 
gradually decreased. Valve 4 was opened when a pressure of 400 psig 
was reached, and, when 100 psig was re~ched, valve 1 was opened. The 
/ ,', 
system was allowed to reach atmospheric pressure before the compressor 
was shut off. The compressor cooling water was shut off, and the two 
traps were then drained and left open until the equipment was run again. 
At the end of the day's runs the flow of the bath coolant was shut 
off, and the heater was disconnected from the control circuit, The bath 
liquid was then siphoned from the Dewar. 
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. THE TEST PROGRAM 
The apparatus was tested over the pressure range of 400 to 2600 
psig and over· the temperature range of -2° to 23° c •.. A point on one of 
Roebuck's isenthalpic curves for air, 22~ 32° c., 2569 psig, w~s selected, 
and tp.ese conditions were employed as the upstream. conditions for the 
runs. Air was·throttled from the above upstream. conditions to succes-
sive downstream. pressures of 2200, 1900, 1600, 1200, 800, and 400 psig. 
The apparatus was also run at several flow rates for a specified pres-
sure drop from a given P1• The purpose of the runs was to determine 
whether the measured downstream. temperatures fell on Roebuck's isen-
thalpic curve and whether the D.T across th,e valve, for a specified 
pressure drop, from a given upstream. temperature and pressure depended 
on the flow rate. 
Another part of the test program consisted of throttling air from 
1608 psig and 13.92° C. to 800 and 400 psig at varying rates of flow. 
The points 1608 psig, 13. 92° C, and 2569 psig, 22, 32° C •. are on the same 
isenthalp. The bath was cooled to about 14° C. by dropping cracked ice 
into the water, which was used as the bath liquid, The bath tempera-
ture was maintained constant by using the gas flowing through the coil 
immersed in the bath as the sole source of cooling and balancing this 
cooling rate with the heater output. 
In obtaining the data points 6 to 11 ( see Table II) the equipment 
was run without recycling the high- and low-pressure gas back to the 
compres~or, The inlet valves 21 and 22 were discarded, and an air 
filter was placed on the compressor :I.net. For· a giy_en AP 'from a. 
• I 
specified upstream. pressure, higher flow rates through the Joule-Thomson ' 
valve were obtained with this arrangement. 
1 
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THERMOCOUPLES AS A SOURCE OF ERROR 
Heat lea.k:along the thermocouple wires to the thermocouple tips 
~esults in erroneous temperature readings. Conduction along this path 
.does not significantly change the downstream gas temperature, but it 
does ·change the effective ~temperature of the tip. The error is reduced· 
at higher flows because the resistance to heat conduction from the 
thermocouple tip to the gas is l~ss than at lower flow rates. Thus, 
the ti..T between the tip and the gas is greater at lower flows. If 
the downstream gas temperature is the same regardless of the gas rate, 
the tip temperature is higher at lower flow rates. 
The stagnation or total temperature of a flowing gas is the tem-
perature that the gas would assume if it were adiabatically brought to 
.. · 
rest. The bulk temperature is the temperature that would be recorded 
by a thermometer moving with the gas. At low velocities, such as in 
this investigation, the stagnation and bulk temperatures are not 
significantly different. At high velocities, a thermocouple does not 
measure the stagnation temperature because a bare.thermocouple tip 
,does not bring the gas to rest adiabatically. The thermal difference 
between the thermocouple wall and the gas causes conduction from the 
wall to the gas, and, consequently, the· thermocouple tip assumes a tem-
~erature between the stagnation and bulk temperatures. This is known 
as the adiabatic wali temperature. 
A recovery factor is thus conveniently defined: 
taw - ~ 
Nrf = ts - ~ 
where·: 
.adiabatic wall temperature 
stagnation temperatll:l.!e-
tm . bulk temperature 
- 33. 
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Plots of N~f "versu~ Reynolds number are available, 39 A special type 
o;f probe.for the measurement of the stagnation temperature of high-
velocity gas streams is'described by Hottel and Kalitinsky. 40 A stagna2 
tion probe does not directly measure the stag~ation temperature unless 
it increases the ·recovery factor to un-ity. In practic·e, stagnation 
probes which have recovery factors' very close to unity have been 
realized. 41 
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ERRORS mvoLVED IN THE USE .OF A VALVE 
The gas whose Joule-Thomson effect is being measured must expand 
isenthalpically. A non-isenthalpic expansion between the upstream. and 
doenstream themocouple tips may be caused by such factors . as the 
kinetic energy effect, heat leak between the high- and low-pressure 
. sides of the valve, and conduction from the ambient to the valv~. 
In a flow system an adiabatic expansion attended by no shaft 
work is not necessarily isenthalpic. One form of the energy balance 
for a flowing fluid is: 
Now Q ~ o, W
0 
= o, and z2 - z1 is negligible. 
Thus, 
2' 2. 
J(H2 - H1) = u12- u2 
gc 
The expansion will therefore not be isenthalpi6 when ui - u~ is.not 
equal to zero. The error introduced in the measured Joule-Thomson 
2 · 2 
u1 - u2 
effect is insignificant when the quantity is negligible 2gc 
compared with the enthalpy change which would have occurred had the 
low-pressure gas been brought to the temperature of the upstream gas. 
Error is therefore introduced into the measurements when the down-
stream. temperature is measured too close to the Lucite seat. -· At a 
point near the seat, the effective diameter of the flowing gas stream 
is extremely small, and the bulk temperature of this gas jet is lower 
than it is at points where the effective diameter is larger. There-
for.e, at points close to the seat the themo_couple·read.ing is lower 
than at points further downstream.. The expansion between the upstream. 
and downstream themocouple tips is therefore not isenthalpic because 
" 
' 
:~ 
•; 
•-+-· 
.\. 
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u~ is much greater than uf. If.the temperature probe could measure 
.~tagnation temperature, the error due to the kinetic-energy jet effect 
would not exist. The error caused by this jet effect is eliminated 
by the insertion of the downstream thermocouple at a sufficiently large 
distance from the Lucite seat. If the diameter of the downstream side 
of the valve were not sufficiently large, error would be introduced 
\Q 
because of the relatively large value of 
uf u~ 
2gc 
Another major source of error in Joule-Thomson effect determina-
tions is heat conduction between the high- and low-pressure sides of 
the valve. Conduction along the monel wall of the valve results in 
heat transfer to the low-pressure gas. Conseg_uently, the measured 
downstream gas temperature is too high. The error is reduced at higher 
flows because the gas has a smaller retention time within the turbu-
lator barrel than at the lower rates. Thus, the Btu per pound trans~ 
ferred to the gas is decreased at higher flows. This error is fur-
. 
' 
ther reduced by the addition.of a Lucite insert to the turbulator 
I, 
barrel. The low-pressure gas is therefore insulated from the monel 
wall, Conduction also occurs from the high-pressure side to the down-
stream gas along the valve stem. The stem threads are held by the 
monel body on the upstream side, and the stem tip contacts the down-
stream, expanded gas. Heat leak along this path is reduced by the 
use of a Lucite stem with a thread-carrying extension made of stain-
less steel. Conduction between the high-temperature upstr.eam gas and 
the low-temperature downstream gas through the valve seat is reduced 
by the use of a poor conductor, such as Lucite, for the seat material. 
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Conduction from the room to the valve may be another source of 
error if the valve and the connecting lines are not_ properly insulated. 
Heat leak: to the valve body and the turbulator barrel is negligible be.;. . 
cause the valve is situated in a pearlite-filled Dewar. The Dewar is 
located in a Masonite box, which is filled with rock wool insulation.· 
The valve stem is cut off several inches above the packing gland in 
order ~o eliminate the stem as a conduction path from the ambient to 
the valve. Heat leak to the valve .from ·the room along the pressure 
leads, which are of copper tubing, is reduce.d by immersing sufficiently 
large lengths of these leads in the liquid bath. The bath is at 
approximately the temperature of the inlet gas. Short lengths of cop-
per tubing extend from ·the bath to the valve. These leads are sur-
rounded by rock wool, thus eliminating heat leak from the room to these 
leads. Errors caused by heat leak from the ~bient may, in gerieta:l, 
be reduced by operating at higher rates of flow •. 
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DISCUSSION OF RESULTS 
In the pressure interval 25ae to·1200 psig the measured downstream. 
points fell on Roebuck's isenthalp. For a specified b.P from given 
upstream conditions, the flow rate indic~ Table I is above the 
minimum required to make the llT across the valve independent of rate; · 
The downstream temperatures which were obtained, usii;ig flow rates 
greater than the minimum, fell on Roebuck's fsenthalp. For given up-
stream conditions, the lower the downstream pressure, the greater is· 
this minimum required rate. At flows below this minimum.the measured 
down,stream temperatures are greater than Roebuck's because of heat leak 
·'to the downstream thermocouple junction. The dM\a show in Tables I 
and II are representative, and no attempt was made.to show all the data 
which were taken. 
The measured dowstream temperatures were too high when the gas 
was throttled from 2569 and 2568 to 797 and 400 psig, respectively. 
The compressor could not deliver the minimum required rate for these 
llP's from such high upstream pressures, and, therefore, a P1 of 
about 1608 psig was employed. In order for the downstream 6T' s to 
fall within 1 percent of Roebuck's measured values, flow rates of'5.3 
and 7.3 standard cu. ft./min. were required for pressure ~ops from 
1608 and 1604 to 804 and 394 psig, respectively. At rates lower than· 
these the measured downstream temperatures were too high. This is 
readily seen by a comparison of points 8 and 9 and 10 and 11 of 
Table II. 
By comparing points 6 and 9 of Table II,. it can be seen that at 
approximately the same flow rates the downstream t~peratures are not 
\ 
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t 
affected by the different 6T's between the high- and low-pressu
re 
sides of the valve. If cond~c"~~on to the downstream gas from the
 up-
' 
stream side of. the valve were causing the error, then, at the sam
e flow 
rates, different fYP's across the valve would result in differen
t T2
1s. 
' 
Thus, the error was not caused by conduction across the valve bu
t either 
by heat leak to the downstream side from the ambient or by heat 
leak to 
the downstream thermocouple junction. 
In order to determine whether conduction to the dowstream side o
f 
the valve was along the copper-tubing connections, a cloth towel
 contain-
ing shaved ice was wrapped around the downstream \pre.~sure lead. 
Air was 
then throttled from about 1608 to about 800 psig. The resulting 
T2 for 
this run was the same as for a run in which no ice was in conta
ct with 
' 
the copper tubing and for which the upstream conditions and the d
own-
stream pressure were the same. This indicates that the copper tu
bing 
was not a conduction path. 
Air was throttled from 1611 psig and 13.92° C to 798 psig at. a 
flow rate suffic~ently low so that substantial downstream error e
x-
isted. This run was initially made with the thermocouple leads i
m-
mersed in the,bath and then with the leads exposed to the room. 
In 
the former, T2 equaled -0.0705 millivolts, and in
 the later case T2 
equaled -0.0610 millivolts; thereby indicating that the heat leak
 was 
through the thermocouple wires to the measuring junctions and not from 
the ambient to the downstream gas. The bath and the .upstream sld
e. 0±· 
the valve were at about the same temperature, and with the thermo
couple 
wires immersed the conduction to the downstream and upstream ther
mo-
couple tip~ was less than with the thermocouple wires exposed to 
the 
' 
' 
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ambient. The increased conduction to the downstream thermocouple junc-
tion caused the greater downstream thermocouple reading. The tempera-
ture of the upstream thermocouple tip is also affected by heat leak to· 
the junction,, The temperature of the downstream junction is,. however, 
affected more since it is at a lower temperature; and, hence, conduc-
tion to it is greater, 
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" TABLE I 
Point P1, Ti, P2. T2 tir, Rotam- Rotam- Standard 
psig mv. mv. eter ·eter cu. ft./ 
read- pres- min 
'. ing sure, 
' -
psig 
1 2572 0.8847 2196 psig 0.7
740 mv. 1.8 15 2. 0, 150. 4 atm-. 19.52° c. 
"' 
I 
1896 psig a 2 2568 • 8850 • 6686 mv. 0.2165 2.5 16 2.3 130. 0 atm. 16-. 92° C. 
1596 psig a. 5520 mv. 
·, 
3 2572 • 8849 • 3335 3.45 20 2.8 ' 109. 7 atm. 0 . 14. 06 c. 
1204 psig a.3730 m~ 
. 
4 2570 • 8850 82. 9 atm. 9. 55° c·. • 5116 4. 3 .24 
3.3 
aT2 (in °c) computed from 6T reading. The difference between the 
T1 reading minus the T2 reading and the measured 6T is 
negligible. 
TABLE II 
·---· -· .. 
\_ 
Point P1, T1, P2 T2 t.T, Ro- Ro- Stand- Error 
(a) mv. tam- tam- ard in psig mv. 
-
eter eter cu. ft./ 6T, 
read- pres- min. per-
ing sure, cent 
psig (b) 
5 2572 0.8845 
804 psig 0.1670 mv 0.7160 1.80 13.5 2.0 3.8 55. 7 atm. 4.31° c • 
6 2569 • 8840 797 psig • 1570 mv. 55. 2 atm. 4. 03° c. 
. 7260 3.60 9.0 2.4 2.5 
400 psig -.O'J76 mv 
-, 
7 2568 . 8840 0 ,'. . 9593 3.30 8.0 2.2 3.0 28. 2 atm • -2.05 c. 
8 161¥2 • 5465 804 psig • 1460 mv. 8.10 30.0 5.3 0 0 55. 7 atm • 3. 75 C. 
9 1612 .5467 800 psig • 1585 mv. • 3880 3.20 8.0 2.2 3.0 55. 4 atm. 4. 09° c. 
10 1604 • 5450 394 psig 
-.1015 mv. 
• 6384 10.35 46.0 7.3 1.0 
27. 9 atm. .-2. 64° c. 
11 1604 .5475 400 psig -.0735 mv. • 6134 3.65 9.0 2.4· 5.4 28. 2 atm. -1. 91°, c. 
aAll T2
1 s (0c) computed from downstream thermocouple readings. 
b · 1 Roebuck's value of t1r - mea
sured 6T x 100 The error in 6.T equa s · 
· Roebuck's value of t1r 
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Figure 11, - Comparison of experimental data with data of Roebµck. 
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CONCllJSIONS 
(1) The measured downstream temperatures agreed with literature 
values when air was throttled from 2569 psig and 22.32° C. to a suc-
cession of downstream pressures all greater than 1200 psig, 
(2) When downstream pressures 'of.about 800 and 400 psig .were 
employed, regardless of the upstream conditions, the measured down-
stream temperatures did not agree with "Roebuck's values. Point 8 of 
Table II is an exception. "Better agreement was obta~ed at relatively 
high rates of flow. 
' ( 3) The measured T21 s at downstream pressures ·of 800 and- 400 
psig are too high because of conduction to the doWI1,stream thermocouple 
junction and not because of heat leak to the downstream gas from the 
high-pressure sid~ of the valve or from the .ambient. 
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RECOMMENDATIONS 
(1) Heat conduction to the thermocoup.le wires can .be reduced "Qy 
using thinner wire such as 30 gauge instead of the 24 gauge, whi¢h is 
, presently being used. It would, of course, be· desirable to 1,1se ex-
tremely thin wire such as 36 gauge, but ·such wire is too brittle. 
(2) longer lengths of thermocoupte wires should be immersed in 
, 
the flowing gas streams to further re'duce conduction to the thermo-. 
couple measuring junctions. It may not be nec~ssary to·do this for 
the upstream. thermocouple since the bath and upstream gas temperatures 
are nearly equal, and conduction to this thermocouple tip may be in-
significant. It is, however, necessary that a length o.f thermocouple 
wire be coiled inside the turbulator barrel. Under the present setup, 
only the tips ex.tend into the flowing gas. 
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····;· TABLE III. - Copper-Constantan Thermocouple Calibration Data 
r. 
. ' ' 
Point Poten~iometer reading, Resistance-reading, 
Average, 
\ 
millivolt.s ohms ohms 
a T1 -0.4155 
24,4874 N 24.4755 
24.46~5 R 
T2 -.4251 
24.4892 N 
.24.4713 
24.4532 R 
!:::..T = 0,0006 
b Tl -1.3310 
21.8790 N 2L8655 
21.8520 R 
-
• 21.8860 N 
T2 -;J...3263 
.. 21.8570 R. 21.8
715 
,.--'> 
C Tl -2.2722 
18,9840 N 18,9720' 
I 
18.9600 R 
T2 -2.2718 
18.9800 N 18.9660 1 
18.9520 R I 
d Tl -1.9468. 
· 20:0100 N 19,9955 
19,9810 R 
T2 -1. 9655 
19.9500 N 19.9:3:30 
19.9160 R 
I' !:::..T = 0.0000 
a 
21. 8:340 N 21.8180 
e Tl -1.:3410 21.8020 R 
,.,. . .,. .... ,.,,.,._ 
T2 -1.3493 
21.8130 N 21. 7980 
21. 7830 R 
I )-!:::..T = 0.0004 
' 
• 
f Tl -. 94:30 
~~2.9770 N 22. 9635 
22. 9500 R 
.. 22.9820 N 
T2 -.9434 
-
22.9660 
22.9500 R 
6T = 0.0007 
) 
.. 24.2780 N 
g Tl -. 4754 24. 2470 R 
24.2625 
T2 - • 4755 
24.2780 N 24.2625 
" 24.2470 R 
.. 
. 6T = Q.0005 
h Tl :...0194 
qS.5020 N 25.4885 
25.4750 R 
T2 -.0195 
25.5090 N 25.4920 
25.4750 R 
!:::..T = 0.0009 
Resistance at o° C. = 25,5370 ohms. 
For computation 0.0002 ohms is to be subtracte~ from each reading. 
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Table IV. - Calculated Calibration Data 
Point Temperatu;re, Observed emf', tiE, 
Ti, oc. microvolts microvolts 
a -10.42 -415.5 -19.90 
b ..;55.89 -1351.0 -11.26 
C -65. 88 -2272.2 -12.82 
d -54.01 -1946.8 -9 •. 27 
e -36.55 -1341.0 :..5.18 
f -25.20 -943.0 -5.58 
g -12.50 -475.4 -1.65 
h -0.48 -19.4 -0.97 /\ 
J 
Point Temperature, Observed emf, 6E:, 
\ 
.. Ti, 0c. microvolts microvolts 
a -10.46 -425.1 -27. 77 
b -55.85 -1326.3 -8. 67 
C -65. 95 -2271. 8 -10.65 
d -54. 61 -1966.5 -9.14 
e -56,54 <-1549.5 -6.85 
f -25.17 -943. 4 -4.86 
g -12.50 -475. 5 -1.75 
h -0.44 -19.5 -2.45 
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Figure 12. - Thermocouple calibration 
difference curves. 
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· Semple Calculation .of a Calibration .Data .Po!nt 
Upstream thermocouple (T1) point e 
Average resistance reading~ 21.8180 
Modified Callendar Formula. 
Constant Value. 1 
~ Q.0039260 
8 1.491 
~ 0.111 
R0 25.5370 (resistance at oo c.) 
R = 21.8180 - 0.0002 = 21.8178 
21.8178 - 25.5370 
pt= (0.0039260)(25,5370) = -37 •09
618 
From Table 2 on page 17 of the Bureau of Standards report "Notes to 
Supplement Resistance Thermometer Certificates, -which is attached 
to the Calibration Certificate, 
t •Pt= o.74740 for Pt= -37.09618 
Therefore, t = -39~3487755 
Assume t· = -36.34878° C. and substitute into Ca.llendar Formula: 
t = -37 ,09618+ 1. 491(1.3634878) (0.3634878) + 0.111(1.3634878) (0.3634878)3 . 
. 
0 
t = -36.35 c. 
Calculated t .agrees -with assumed value of t to nearest 0.-01 ° C. 
. 
0 
For t = -36.35 c. 
emf= 1335.82 microvolts (from emf - temperature table) 
Observed emf at this temperature= -1341.0 microvolts 
6E = -5.18 = (observed emf - table emf) 
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smrwle Calculation 
Point 9 of .Table II 
Data take* 
P1 = 1612 psig 
T1 = 0.5467 milli
volts 
P2 = 800 psig 
T2 = 0.1585 millivolts 
Rotameter reading= 3.2 
Rotameter pressure= 8.0 psig 
P2 = 800 psig = 55. 4 atm. (abs.) 
T2 = 0.1585 millivolts 
From calibration curve extension: 
t:iE = 0. 8 microvolts 
Therefore, T2 = 0.1577 millivolts 
From L and N .thermocouple tables, 
T2 = 4.09° C 
~ .Exp~rimental (Ti - T2)~ Percent error in b:.T = l - 100 Roebuck's (T1 - T2) 
· /, 13.92 - 4.09) 100 '% 9 t Error= ~ - 13•92 _ :3.? = v• percen 
' 
. 
From rotameter calibration curve for a reading of :3.2, 
Flow= 1. 77 
Now rotameter pressure= 8 psig 
std. cu. rt./min. = l.77-,/l + 8/14.696 
_, 
Flow = 2. 2 standard cu. ft. /min·. 
- 5:3. -
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Table V •. - Data of Roebuck · 'l 
T, oc. P, atm. 
-.10.01- 1.94 
-6.97 12.68 
-5.11 27 .19-
-
+0.14 40.55 . 
5.31 54.00 
6.04 66.77 
9.02 81.87 
11.68 .. , 96. 67 
15.92 110.41 
16,15 ~ 125.22 
17.90 138.19 
19.40 149.41 
20.93 ·165.06 
.22.31 175.83 
25.20 208.25 
Roebuck's data, as given in 
· his published report42, 
are corrected by multiplying 
pressures .by a factor of 
0.96n43• 
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NOMENCLATURE 
Specific heat, calories/grammole~OJc 
Specific heat of gas in ideal .state 
\: .. > 
Local acceleration due to gravity, feet/second2 
·Dimensional constant, 32.i740 (pound mass) feet/(pound 
force) second2 
·-
Enthalpy, BTU/pound mass 
Ha,Hb,Hc• • • Subscripts a, b, c, ••• denote different isenthalps 
J 
N 
Nrf 
p 
pl 
~ 
6P 
"-j __ ._-_.., __ .. _ 
pO 
Q 
R 
Rt 
Enthalpy of gas at.Joule•Thomson Valve 7 
conditions 
Enthalpy of gas at Joule-ThomsQn valve downstream 
conditions 
Mechanical equivalent of heat, 778 foot-pounds force/ 
BTU 
Denotes resistance reading taken with commutator in 
normal position 
Recovery factor, dimensionless 
Pressure, atmospheres 
Pressure of gas at upstream side of valve 
Pressure of gas at downstream side of valve 
Pressure drop across valve 
pressure of gas in an ideal state 
Quantity of heat transfered, BTU/pound mass 
Denotes resista.?"!ce reading taken with commutator in 
reverse position 
Resistance of platinum thermometer at temperature, t 0 c. 
.. 
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\ ·~ ' 
:l\.-.,,'.,,.;:,.r,,;.·· 
,_. 
,'.·'.'.' .. _. -;·,.· .. ,-.:;; 
Tl 
T2 
t1r 
t 
taw 
tm 
ts 
ul 
u2 
V 
w 0 
z1 
a.. 
B 
. µ 
Resistance of platinum thermometer at o° C. 
Temperature; may usually be taken as degrees Cen
ti-
grade except where given in a thermodynamic equa
-
tion, · where it is absolute temperature 
Temperature of gas at upstream side of valve 
Temperature· of gas at downstream side of valve 
Temperature difference across valve 
Temperature, oc. 
Adiabatic wall temperature 
Bulk temperature of flowing gas 
Stagnation temperature 
Velocity of gas at upstream side of valve, feet/s
econd 
Velocity of gas at downstream side of valve, fee
t/second 
Specific volume,.cubic feet/pound mass 
Shaft work, BTU/pound mass 
Height above a datum level; refers to upstream si
de 
of valve, feet 
Height above a datum level; refers to downstream 
side of valve, feet 
Constant in modified Callendar formula 
Constant in modified Callendar formula 
Constant in modified Callendar formula 
Joule-Thomson coefficient, degrees Centigrade/ 
atmosphere 
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 , ___ _ 
·t) .. 
.~ R 
Partial derivative of temperature with respect to 
pressure at constant enthalpy, degrees Centigraiie/ 
atmosphere. 
Partial derivative of specific volume with respect 
to temperature at constant pressure, cubic feet/ 
(pound mass) °K 
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